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ABSTRACT 

We use radar interferograms and GPS observations to 
constrain models of magma accumulation and faulting 
at Sierra Negra volcano, Galápagos, during the years 
before its 2005 eruption. The data have shown ~5 m of 
pre-eruption uplift and multiple trapdoor faulting 
events on an intra-caldera fault system. We find the 
pattern of uplift to be consistent with an inflating sill at 
2.2 km depth under the caldera. Our deformation 
modeling and stress-change calculations suggest that 
the inflating sill triggered faulting on an inward-
dipping thrust fault and that the faulting in turn 
relieved the pressure within the sill.  This sill-fault 
interaction tends to thicken the sill and limit its lateral 
extent within the area bounded by the fault..   
 
1. INTRODUCTION 

Understanding the state of stress within volcanoes and 
how it changes with active geophysical processes is of 
vital importance to assess when and where magma may 
erupt at the surface. Observations of volcanic 
deformation help to constrain parameters of models 
that can be used to describe these processes and 
calculate the resulting stress changes within the 
volcano. The recent activity on Sierra Negra volcano, 
Galápagos, along with detailed Interferometric 
Synthetic Aperture Radar (InSAR) and GPS 
measurements of its surface deformation, provide a 
unique opportunity to study magmatic processes and 
the resulting stress changes within an active basaltic 
volcano. 
 Sierra Negra volcano, located on southern 
Isabela Island (Fig. 1), is the most voluminous of the 
active volcanoes in the Galápagos, with an subaerial 
extent of 60 km by 40 km, and a maximum elevation of 
1140 m above sea level.  Its caldera is elliptically 
shaped (7 km × 10 km) and rather shallow, only about 
100 m deep. The inner-caldera floor tilts slightly down 
to the east and is bounded to the west and to the south 
by an intra-caldera fault system (Fig. 1).  The near 
vertical fault scarps are over 100 m high in the west 
where the fault system forms a prominent sinuous ridge 
[1].  In the south the scarps are much lower, and the 
ridge is subdued (Fig. 1).  It has been suggested that 
the fault system was formed through repeating 

"trapdoor" faulting events, driven by magma 
accumulation at shallow depths [1-2].  The last 
eruptions at Sierra Negra took place in 1979 and 2005, 
and like other recent eruptions were fed by 
circumferential vents near the northern caldera rim.  
The estimated lava volumes produced by these 
eruptions are 0.9 km3 and 0.10-0.15 km3, respectively 
[1,3-4]. 

 

 
Figure 1:  Map of Sierra Negra caldera showing the 
intra-caldera fault system [2] and locations of 
campaign (black squares) and continuous (red 
triangles) GPS sites (GV07-08 were installed in 2006).  
The inset shows the location of Sierra Negra on 
southern Isabela Island in the Galápagos. 

 
Geodetic measurements of Sierra Negra during the past 
15 years have revealed a remarkable sequence of 
events, including ~5 m of uplift prior to the 2005 
eruption and repeated trapdoor faulting events on the 
intra-caldera fault system.  InSAR observations (from 
1992) and GPS measurements (from 2000) showed an 
approximately axisymmetric uplift pattern and variable 
uplift rates preceding the eruption, with a short period 
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matrices for both data sets in Fig. 2b-c.  The uplift and 
2005 faulting data covariance matrices,  and  
therefore both account for spatial correlations in the 
data and provide a meaningful relative weight between 
the GPS and InSAR data sets. 
 

 
Figure 4:  Unwrapped images from the area north of 
the caldera exhibiting spatially correlated signal 
primarily caused by heterogeneities in the atmosphere 
(displayed as LOS displacement equivalent).  (a-b) 
correspond to the InSAR data in Fig. 2c and (c-d) the 
data in Fig. 2b.  (e) shows the resulting covariance 
functions for (a-b) in blue and (c-d) in red. 
 
3. DEFORMATION MODELING 

We use both GPS and InSAR data of the uplift in 
2004-5 (Fig. 2c) to estimate the best-fitting parameters 
of a horizontal dislocation sill in an elastic half-space 
[12].  The parameter estimation is carried out in two 
steps.  First the depth and dimensions of a sill with 
uniform opening were estimated through a non-linear 
parameter optimization, resulting in a sill-depth of 2.2 
km.  Then the sill dimensions were expanded to 6 km × 
10 km, while its depth was kept at 2.2 km, and variable 
opening estimated (each cell 0.5 × 0.5 km2) using a 
non-negative linear least-squares method. The sill 
opening was subject to smoothing constraints, similar 
to those used when variable fault slip is estimated from 

geodetic data [10].  The resulting sill opening has a 
maximum of about 1.5 m and its shape is elongated 
along the major axis of the caldera (Fig. 5). 
 

 
Figure 5:  Observations and modeling of the uplift at 
Sierra Negra. (a) Same data as in Fig. 2c in 
comparison with predicted horizontal GPS 
displacements (red arrows) of the best sill model. (b) 
InSAR model prediction as well as the observed and 
predicted vertical GPS displacements.  The blue 
rectangle marks the outer boundaries of the sill model.  
(c) Residuals between observed and predicted InSAR 
and horizontal GPS displacements. (d) The best sill 
model at 2.2 km depth showing up to 1.5 m of opening.  
Also shown is the surface projection (red rectangle) of 
the north-dipping trapdoor fault; thicker line marks the 
surface trace [7].   
 
Deformation modeling of the 16 April faulting (Fig. 
2d) was carried out in a similar way as the sill 
modeling.  First the optimal parameters of a simple 
rectangular fault with a uniform slip were found, 
resulting in a steep north-dipping (71°) thrust fault that 
strikes approximately East-West along the southern 
intra-caldera faults.  We then expanded the dimensions 
of the fault and solved for variable slip that was 
subjected to smoothing constraints, but had free-
slipping boundary conditions along the upper and 
lower edges of the fault.  The resulting variable slip 
model has a maximum of 2 m thrust faulting near the 
bottom of the fault, just above the sill (Fig. 6).  More 
details of the fault modeling can be found in Ref. [6-7]. 



 

 
Figure 6:  Perspective view showing the observed 
deformation 27 Jan. – 12 May 2005 (Fig. 2b) and the 
modeled sill inflation and thrust faulting.  The color-
scale is 0-2 m of sill opening or fault slip. 
 
To estimate the model parameter uncertainties we first 
add realizations of random correlated noise to the GPS 
and InSAR data to form multiple synthetic data sets.  
We then estimate the fault parameters for each of the 
synthetic data sets and produce a distribution of sill and 
fault models, from which we can assess the probability 
distribution of the model parameters.  This, however, 
results in unrealistically low model parameter 
uncertainties.  The reason lays at least in part in a high 
normalized χ2 value, which is around 10.  This high 
value indicates that either the data errors are 
underestimated or the models themselves are too 
simple.  The latter explanation is probably more 
important as we are using a single planar dislocations 
an elastic halfspace.  To account for the limitations of 
the model, however, we simply scale the data 
covariance matrix such that the normalized χ2 value 
becomes equal to 1.  We then base the multiple random 
realizations on the scaled version of data covariance 
matrix. With the resulting distribution of model 
parameters we can estimate the full posterior model 
parameter probability distribution, from which we can 
evaluate correlations between different model 
parameters and their uncertainties.   
 

 
Figure 7: Histograms showing the distribution of (a) 
sill-depth and (b) trapdoor fault-dip (to the north) 
values, as well as the best fit Gaussian probability 
density function (red). Vertical dashed lines indicate 
95% confidence bounds.  
 
Histograms of the resulting sill depths and fault dips 
show that they can be reasonably well approximated 
with a Gaussian distribution (Fig. 7).  We therefore 

assume that the marginal distributions for these two 
parameters are Gaussian and estimate the best-fitting 
Gaussian means and standard deviations.  The result 
shows that the best-fit fault is clearly a north-dipping 
thrust fault with a dip in the range of 67-74° and that 
the sill lies at 1.9-2.5 km depth, at a 95% confidence 
level. 
 
4. STRESS-CHANGE MODELING 

We use the estimated sill model to calculate the stress-
changes within an elastic halfspace [12], assuming 
values for the shear modulus (μ=10 GPa) and Poisson’s 
ratio (ν=0.25).  The mean stress change (or pressure 
change) shows compression above and below the sill, 
but extension near the peripheries of the sill as well as 
near the surface directly above the sill (Fig. 8).  The 
directions of the minimum and maximum principal 
stress-change axes are generally radial, but the plunge 
of the axes varies both spatially and with depth.  At the 
location of the modeled southern intra-caldera fault, the 
plunge of the maximum compressional stress axis is 
about ~40-45° towards the center of the caldera.  This 
plunge is about 25-30° from the estimated 71° dipping 
fault plane, which is optimal for driving slip on the 
fault, assuming it has a typical frictional strength.  We 
therefore conclude that sill inflation was the sole 
trigger of the trapdoor faulting along the southern intra-
caldera faults.   

The trapdoor faulting causes pressure relief 
within the sill but compression south of the fault.  This 
tends to inhibit sill growth to the south and would lead 
to thickening of the sill intrusion north of the fault. 
More details about the stress-change calculations can 
be found in Ref. [7]. 
 

 
Figure 8:  Cross-section S-N (see Fig. 5b) showing the 
calculated mean stress increase (extension, red) and 
decrease (compression, blue) due to the inflating sill at 
2.2 km depth.  Also shown are the maximum (black 
bars) and minimum compressional stress-change 
directions (red and blue bars).  The bar thickness 
indicates half the magnitude of the absolute differential 
stress-change . 
 



 

5. CONCLUSIONS 

The observed inflation during 2004-5 can be 
reproduced using a sill model embedded at 2.2 km 
depth within an elastic halfspace and with sill opening 
of up to 1.5 m.  The 16 April 2005 trapdoor faulting 
along the southern intra-caldera faults took place on a 
steep north-dipping thrust fault with up to 2 m of slip. 
Calculations of the stress changes caused by the model 
sill at Sierra Negra show that faulting is encouraged 
above the peripheries of the sill on inward dipping 
thrust faults, providing independent evidence for the 
geometry of the trapdoor faulting that agrees with the 
dislocation modeling. The trapdoor faulting causes 
pressure relief within the sill and compression to the 
south of the fault.  This inhibits sill growth to the south 
and causes thickening of the sill north of the fault. 
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